Already in the nineteenth century Palmén (1874) noticed that shorebirds migrating from breeding grounds in Siberia migrated along well-defined routes towards their wintering grounds, and he also pointed to such well-defined routes in the southern Baltic Sea. Today some scientists consider these routes to be more like a 'migration highway' with shorebirds migrating on a rather broad front of several tens or hundreds of kilometres (Meltofte 2008) . Most likely there are differences between different sub-populations and seasons as well as age-classes of birds in this respect. Sweden is situated along the East Atlantic Flyway, one of the major flyways of arctic shorebirds, where birds breeding in Siberia migrate to the North Sea region (mainly the Wadden Sea) during autumn to fatten up and/or moult before continued flights towards wintering grounds in both western Africa and western Europe. Spring migration of shorebirds flying along this route passing southern Sweden has been investigated (Gudmundsson 1994 , Green 2004 ) but much less is known about autumn migration.
The routes taken by migrating birds may be based on at least two types of trajectories on the Earth's surfaceorthodromes and loxodromes (e.g. Gudmundsson & Alerstam 1998 ). The orthodrome, or great circle route, is the shortest route between two points on the Earth's surface, but requires continuous course changes as the birds move across longitudes. The loxodrome, or rhumbline, represents a longer distance, but may be convenient from an orientation point of view because it Flight directions and routes of migrating birds are determined by the birds' compass orientation, but also by effects of wind, social influence, responses to topography and landmarks, and to navigation cues. We investigated the orientation and routes taken by arctic shorebirds during autumn migration in southern Sweden at three different sites situated within a distance of 200 km from each other, in relation to the birds' destinations. We used three different methods, visual telescope observations, tracking radar registration and ring recoveries. Mean track directions differed significantly between the different sites in a way that demonstrated fine-scaled orientation changes when the shorebirds passed the southern Baltic region. The gradual change cannot be explained by different wind conditions at the different sites or by distinct responses to specific topographical features, i.e. the birds were not following coastlines or prominent landmarks in any detailed way. Neither could it be reconciled with orientation according to any of the main compass mechanisms known to be used by migrating birds which indicates that the control of flight courses and paths may be more complex than expected. The shorebirds might travel within a slightly winding flight corridor in broad agreement with the large-scale topography to maximize general association with coastal habitats during migration. Juvenile birds had a significantly different orientation than adults, particularly when the juveniles travelled in flocks without any adults. Juvenile birds may learn the general flight paths and course changes in relation to the large-scale topography from older and experienced individuals in the flocks, but most of this learning process between generations probably does not take place until after the birds' first autumn migration.
is associated with a constant compass course (Alerstam & Pettersson 1991 , Snyder 1993 . During spring migration shorebirds and geese passing south Sweden on their way towards the Russian tundra fly along routes clearly different from orthodromes and approximately in accordance with loxodromes (Gudmundsson 1994 , Green et al. 2002 , Green 2004 . Less is known about autumn migration routes, and radar studies made along the coast of the Arctic Ocean during the initial part of the journey towards the North Sea region allow rejection neither of orthodromes nor of loxodromes (Alerstam & Gudmundsson 1999) . Still, flights along loxodromes are inferred from the pattern of observed birds in the south Baltic region, also during autumn migration. If the main migration corridor followed along orthodromes, this would simply not lead to large numbers of shorebirds passing these areas (cf. Gudmundsson 1994 , Green et al. 2002 .
In spite of extensive knowledge about orientation and migration performance of birds, based on experimental behavioural studies of compass mechanisms, on displacement and homing experiments and on ringing and tracking studies (e.g. Newton 2008 , Wiltschko & Wiltschko 2009 ) there is still a poor understanding of how birds orient when actually travelling on migration. We can assume that flight directions and paths of migrating birds are determined by the birds' compass orientation, but also by effects of wind, social influence (particularly for birds migrating in flocks), responses to topography and landmarks, and to navigation cues. To investigate how these different factors interact to control the flight paths of migrating birds, we need to carefully analyse the geometry of flight routes at different geographic scales, from small-scale orientation behaviour over short distances up to global journeys of tens of thousands of kilometres (Alerstam 1996) .
The objective of this study was to investigate the orientation and routes taken by arctic shorebirds along the East Atlantic Flyway during autumn migration in southern Sweden at three different sites situated within a distance of 200 km from each other, in relation to the birds' destinations in the North Sea region. We used three different methods, visual telescope observations, tracking radar registration and ring recoveries to throw light on the autumn orientation of the shorebirds in the southern Baltic region. By investigating flight directions and orientation of shorebirds within a limited region of a few hundred kilometres, corresponding to only a few hours' flight time, we wished to test the following critical aspects of shorebirds' course control system: (a) If the shorebirds followed constant compass orientation according to the sun-, star-or magnetic compass mechanisms during their passage of the southern Baltic region.
(b) If the shorebirds tended to follow curved flight paths with course changes in a similar way as demonstrated for Red Knots Calidris canutus passing the southern Baltic region during spring migration (Gudmundsson 1994) . This would imply that flight paths across this region are determined by the same control mechanisms during spring and autumn migration.
(c) If orientation differed between adult and juvenile birds, which would suggest that learning and experience were involved in the course control.
METHODS

Flight directions TELESCOPE TRACKING
Observations of migrating shorebirds were carried out during the period 26 July to 15 October in four years, 2006-08 and 2011 at Ottenby Bird Observatory (56°12'N, 16°24'E), situated on the southernmost point of the island of Öland (south-east Sweden) in the Baltic Sea (Figure 1 ). Observations were made during 41 days. The observation time each day was not standardised, but 84% of the observations were made between 17:30 and 20:30 h (Swedish summer time = GMT +2h) and 16% between 05:30 and 08:30. Migrating flocks were normally located by using 10× binoculars and later tracked in 20-60× telescopes until they vanished from sight. Telescopes were equipped with azimuth scales and were carefully aligned to give geographic compass bearings. The following data were recorded in order to determine track directions of the birds: (1) the compass bearing (b 1°) , and (2) estimated horizontal distance (d 1 ) from the observer to the bird flock when the telescope tracking started -this normally occurred when the flock passed relatively near the observer; (3) the time of telescope tracking until the flock vanished from sight, and (4) vanishing bearing (b 2°) . The flight distance covered by the birds during the time of tracking (d 2 ) was estimated by assuming that the birds travel with a speed of 16 m/s which is a normal flight speed of Dunlins Calidris alpina (which comprise 95% of the flocks, pers. obs.). The angle for parallax compensation (ε°) could be calculated from
The flight direction of the flock is then determined as ARDEA 100 (1), 2012 (b 2 + ε). The angle ε will be positive or negative depending on whether the flock passed to the left or right respectively of the observer facing the vanishing bearing. To avoid large errors in estimated flight directions we have only included observations with an effective tracking time of at least 1 minute. Mean tracking time was 2 min 35 s (with maximum 10 min 13 s) and mean absolute angle for parallax compensation was only 2.7°(0-11°). Estimated flight directions were robust in relation to potential bias caused by the parallax compensation or assumptions about airspeed (16 m/s). Restricting the analyses to include only flight directions with parallax angles less than 2°or changing assumptions about flight speed from 16 to 13 m/s (mean wind effect at Ottenby: -3 m/s) affected mean flight directions with only 0.5°which shows that track direction estimates are reliable with high accuracy. Heading directions were then calculated by subtracting the angle of compensation/drift (α) from track direction. Alpha (α) was calculated according to the following equation:
where a is the ratio between wind speed and the birds' airspeed (16 m/s) and β is the angle between track and wind direction (Alerstam 1976 ). All shorebird flocks were identified and belonged to the species Dunlin, Red Knot, Bar-tailed Godwit Limosa lapponica, Grey Plover Pluvialis squatarola, Ringed Plover Charadrius hiaticula, Turnstone Arenaria interpres and Sanderling C. alba. 85% of the flocks were composed of only Dunlins, 10% were flocks of mixed species including Dunlins (on average 51% of the individuals in the mixed flocks were Dunlins) and in 5% of the flocks there were no Dunlins but only other shorebird species. The birds in the flocks were aged (juvenile or adult) when observation conditions allowed.
RADAR TRACKING Tracks of migrating flocks of shorebirds were recorded at two sites in Scania, South Sweden (Figure 1 ). Shorebirds were tracked with mobile tracking radar (X-band, 40 kW peak power, pulse duration 0.3 μs, pulse repeat frequency 1800 Hz, 2.2°pencil beam width) at Vitemölla at the Baltic Sea coast (55°42'N, 14°12'E) and Björka, in South Central Scania (55°39'N, 13°37'E) between 15 July and 25 September 1982 September , 1984 September , 1986 September , 1989 September and 1990 . The radar was operated manually and data about the range, elevation and azimuth of the flocks were recorded by a computer. Flocks of shorebirds were tracked from 1 up to 14 min. The range of the radar was about 15 km for large flocks and smaller flocks could be tracked at distances up to 10 km. To determine headings (the orientation of the birds' body axis) and airspeeds (the birds' flight speed relative to the surrounding air) of the flocks, wind direction and speed were measured by tracking helium-filled weather balloons carrying an aluminium foil reflector. Heading directions and airspeeds were then calculated by vector subtraction of wind velocity at the altitude at which the birds were flying from the birds' track vector over the ground (track direction and ground speed). For a more detailed description of radar tracking procedures see Alerstam (1985) . All shorebird flocks were visually identified and belonged to the species Dunlin, Bartailed Godwit, Grey Plover, Ringed Plover, Red Knot and Turnstone. 53% of the flocks were composed of only Dunlins, 3% were flocks of mixed species including Dunlins (on average 67% of the individuals in the mixed flocks were Dunlins) and 44% of the flocks were composed of other shorebird species.
Migratory destination and origins
We obtained ringing recoveries of Dunlins ringed at Ottenby (see above) and Falsterbo (55°23'N, 12°50'E; Falsterbo Bird Observatory, south-western Sweden, Figure 3 ) during autumn migration and recovered during the same season (July to October) at a distance of at least 100 km. The dataset included 364 recoveries from Ottenby and 32 from Falsterbo. We calculated loxodrome (constant bearing between two geographical coordinates) directions between ringing and recovery sites. For the comparison between ringing recoveries and visual/radar data we removed recoveries from the southeasterly quadrant (<180°) since most probably none of the birds recorded in our study were birds with easterly destinations. A total of 16 easterly recoveries were removed. The ringing recovery data was analysed in the same way as the other results (see below). Mean direction of ring recoveries remained the same (changing by only one or two degrees) if we restricted the analysis to recoveries reported within 30 days from ringing (n = 251) or excluded all recoveries of birds shot (n = 229). This indicated that mean directions based on ringing were robust against possible biases associated with time after ringing or changing hunting pressure. Hence, we used the total available recovery sample from the months July to October (same season as ringing took place) for our analyses. Dunlins migrating over southern Scandinavia in autumn originate from breeding areas in northern Europe and western Siberia as far east as Yamal peninsula (about 70°E, Fransson et al. 2008 ).
Data analysis and statistics
Calculations of mean directions and angular deviations of flight directions were made according to standard circular statistical methods (Batschelet 1981) . The Rayleigh test was used to test for significant directional preferences and differences in mean angles between test categories was analysed with the Watson-Williams F-test (Batschelet 1981) .
General linear model (GLM) analyses were performed using the statistical software SPSS version 18.0 (SPSS Inc., Chicago, USA) to test if track and heading directions differed significantly between sites and age groups independently of any effect of wind on the birds' flight directions. The effects of wind shown in these analyses were evaluated elsewhere; Grönroos et al., unpubl. data. Track or heading direction was used as dependent variable, and for the tests of differences between sites, we used wind (wind from the left and right, fixed factor), site (fixed factor) and the interaction between wind and site as independent variables. For the tests of a difference in flight directions between age groups (data from Ottenby only) we used wind (fixed factor), age (three groups as fixed factor; flocks of adult birds, flocks of juveniles and mixed flocks with adults and juveniles) and the interaction between wind and age as independent variables. We are aware that GLM can provide only approximate tests since directions are not linear but circular data. Still such tests will be robust when directions are highly concentrated around a well-defined mean (80% of directions in all six samples of track directions were within ±26-37°f rom mean directions; see also Table 1 for angular deviations; Batschelet 1981) and sample sizes are reasonably large, as in our present cases (results with marginal significance must be considered with due care).
RESULTS
Flight directions
Summary statistics of flight/recovery directions for the different sites, methods and age classes are shown in Table 1 . In all cases the migratory movements were concentrated with relatively little scatter (angular deviations ranging between 10 and 25 degrees).
Mean track directions differed significantly between Ottenby and Björka and Vitemölla and Björka (Watson-Williams F-test: F 1,207 = 14.0, P < 0.001; F 1,72 = 4.4, P = 0.04, respectively, Figure 1) there was a significant effect of site on track and heading directions (GLM: F 2,244 = 10.0, P < 0.001; F 2,244 = 7.8, P < 0.001, respectively) independently of the effect of wind. Mean track directions of shorebirds migrating from Ottenby differed significantly between age groups (Watson-Williams F-test: adult-juvenile: F 1,122 = 30.0, P < 0.001, adult-mixed: F 1,137 = 6.7, P = 0.01, juvenile-mixed: F 1,51 = 4.7, P = 0.034, Figure 2 ). The mean direction of juvenile birds was more to the south compared to adults. Mean heading directions differed significantly between adult and juvenile flocks and between juvenile and mixed flocks (Watson-Williams F-test: F 1,122 = 9.9, P = 0.002; F 1,51 = 9.6, P = 0.003, respectively, Table 1 ) but not between adult and mixed flocks. GLM analyses confirmed that there was a significant effect of age on track directions (GLM: F 2,152 = 4.3, P = 0.016) as well as on heading directions (GLM: F 2,152 = 3.5, P = 0.032), independently of the effect of wind on the birds' flight directions. Based on ringing recoveries from the breeding region (Gromadzka 1989 , Fransson et al. 2008 we calculated a general axis of constant orientation between the North Sea region (Wadden Sea) and breeding grounds in western Siberia (237-57°, loxodrome, solid line; Figure 4 ). For comparison, we extrapolated the mean track direction of Dunlins migrating from Ottenby (234°± 40%) both forward and backward (thick dashed line, Figure 4 ) assuming a constant compass course (loxodrome). 
DISCUSSION
Mean flight directions of arctic shorebirds in the southern Baltic region were similar but not identical to the loxodrome axis (237°/57°; Figure 4 ) between main breeding and winter/staging areas (cf. Gudmundsson 1994 , Green et al. 2002 . Mean track directions differed significantly between the different samples from observation sites and ring recoveries in a way that demonstrated fine-scaled orientation changes when the shorebirds passed the southern Baltic region. Apparently, the shorebirds made gradual course changes to the right, by on average 12°between the easterly (Ottenby) and the most westerly study site (Björka, Figure 1) . At the latter site they had a mean direction that agreed well with the mean direction towards the goal areas at the North Sea and surrounding region, as shown by the ring recoveries (Figure 3 ).
The differences in track directions between sites could not be explained by different wind conditions at the different sites. Taking the effect of wind into account demonstrated highly significant differences in track directions between sites independently of winds. Neither could the differences in mean track directions between sites be explained by distinct responses to specific topographical features, i.e. the birds were not following coastlines or prominent landmarks in any detailed way at the different sites, which is in accordance with Meltofte (2008) . At Ottenby the shorebirds were departing at low altitude over the sea, while at Vitemölla and Björka the birds were flying at higher altitudes (on average 600 m above sea level, up to highest altitudes at 1800 m) and departing or crossing over a rather flat landscape. There were no indications that the shorebirds followed specific features on the ground. There is no reason to believe that the difference in track directions between sites was due to different methodology (radar versus visual observation) since both methods gave directions of high accuracy over flight distances of at least about 1 km (and often much longer) and since we found a significant difference in track directions already between the two radar sites.
The rightward change in orientation by on average about 12°over a longitudinal distance of only 3 degrees was almost identical to the gradual leftward course change by about 15°in the very same region by Red Knots passing in the reverse direction on spring migration as demonstrated by Gudmundsson (1994) . This means that the shorebirds during autumn seemed to follow virtually the same curved routes across land and sea in the southern Baltic region as on spring migration. This similarity in routes existed in spite of the fact that migration strategies differed markedly between spring (long-distance flights in strong tailwinds) and autumn (short hop flights in opposed winds and frequent short stopover periods are common features among both juvenile and adult Dunlins on autumn migration as demonstrated by both radio telemetry and ringing data; Grönroos et al., unpubl. data) , suggesting that the same or similar control mechanisms determined the routes in both seasons. It is not unlikely that such similar control mechanisms apply to both Red Knots (studied during spring migration by Gudmundsson 1994) and Dunlins (dominating in this study), since both species use the same flyway between the West Siberian tundra and the North Sea region, and during autumn migration they often travel in mixed flocks (along with other arctic shorebirds in the same flyway system).
The gradual change in the orientation of shorebirds in the southern Baltic region as demonstrated in this study for the autumn migration and by Gudmundsson (1994) for the spring migration, cannot be reconciled with constant compass orientation according to any of the main compass mechanisms known to be used by migrating birds (sun-, star-or magnetic compass) as analyzed by Gudmundsson (1994) . This means that we must assume that the shorebirds changed their compass courses in a rather fine-tuned way over distances of only a few hundred kilometers. This indicated that the control of flight courses and paths may be more complex than expected. It remains unknown if the birds changed their compass courses gradually or in steps and what mechanisms may operate to trigger these changes.
Why do the shorebirds make this course change along the route? If they were to follow a more direct constant geographic course from their breeding areas in West Siberia towards staging areas in the North Sea region the majority of birds would pass more to the north when passing southern Scandinavia (Figure 4) . They would then have to fly longer stretches over inland areas offering fewer opportunities for stopovers. Gudmundsson (1994) suggested that the shorebirds might want to maximize the general association with coastal habitats and minimize passages across larger inland areas, thus taking a more southerly route. This possibility is supported by the findings in this study that the shorebirds used the same curved routes when passing the same region in the reverse direction during autumn as they do on spring migration. The shorebirds might travel within a slightly winding flight corridor in broad agreement with the large-scale topography, via the tundra coast of the Arctic Ocean, parts of the White Sea, the Gulf of Finland and the Baltic Sea to their destinations.
It is possible that social influence and learning play an important role for the development and maintenance of the shorebirds' curved flight paths in the southern Baltic region. The arctic shorebirds migrate in flocks, and the flocks are often mixed with respect to both age groups and species. Younger birds may, during their first autumn or spring migrations (perhaps mainly during the first spring migration and second autumn migration, see below), learn the general flight paths and course changes in relation to the broad-scale topography in different regions from older and experienced individuals in the flocks (as suggested already by Palmén 1874 although the birds apparently did not pinpoint specific coastlines, rivers or landmarks as assumed by Palmén). This possibility is supported by the indication that juvenile Dunlins had a significantly different (more southerly) orientation at Ottenby than adults, particularly when the juveniles travelled in flocks without any adults (Figure 2 ). This tendency of a more southerly orientation by juveniles is also seen from the ringing recoveries ( Figure 3 , Table 1 ). The differences in track directions between age groups could not be explained by differences in exposure to wind conditions. Taking the effect of wind into account demonstrated highly significant differences in track directions between age groups independently of winds. Our results indicate that juvenile birds to a higher degree use inland routes compared to adults which are more bound to the coasts. This pattern has also been found for Dunlins in Central and Western Europe during autumn migration where adult birds were concentrated along the coasts, whereas juveniles were observed both along the coasts and inland (Gromadzka 1989) . Juveniles probably migrate on a broader front compared to adults (Meltofte 2008 ) and the migratory directions of juveniles in our study were more spread (Figure 2 ) which could explain the use of inland sites by juveniles. Also, adult birds moult their flight feathers in high-quality tidal areas like the Wadden Sea before heading for their wintering areas whereas juveniles do not moult these feathers during their first autumn which might make them less bound to coastal areas.
The possibility of learning flight paths from adults may be rather limited for juveniles on their very first autumn migration, when the juveniles migrate at a later time in the season than the adults and the overlap in timing between the age classes is not so large (Kolthoff 1896 , Edelstam 1972 . Also, juvenile and adult Dunlins originating from N Scandinavia and W Siberia often migrate along different routes during autumn migration. It seems like many juvenile Dunlins migrate along the Norwegian coast during their first autumn while in subsequent years they use routes more to the east through the Baltic Sea (Leslie & Lessells 1978 , Tjørve & Tjørve 2007 . Furthermore, juveniles and adults show no tendency of associating but rather to form segregated flocks when comparing with random age mixing in the flocks (Henningsson & Karlsson 2009 ). However, during their first spring migration and their second autumn migration the young birds may learn the flight path geometry in the southern Baltic Sea region more efficiently from the older generations in the flocks. 
